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Abstract
Aim: This study is the first in Indonesia to assess historical sperm whale (Physeter 
macrocephalus) seasonal distributions by combining historical whaling data with en-
vironmental factors associated with sperm whale habitat preferences. As current re-
cords of whale occurrence covering the whole of Indonesian waters are incomplete, 
we used historical whaling data summarized by Charles Haskins Townsend in 1935 to 
model its potential distribution for each season.
Location: Indonesian waters (92-143E, 9N-14S).
Taxa: Sperm whale (P. macrocephalus).
Methods: We used a presence-only habitat model – Maximum Entropy (Maxent) –, 
and a presence–pseudo-absence method – generalized additive model (GAM) – with 
nine submerged topographic variables to predict historical seasonal distributions.
Results: Both Maxent and GAM predict similar potential distribution which align 
closely with the whaling data. The results indicate that in four areas in the east-
ern part of Indonesia, no seasonal differences occurred in sperm whale distribu-
tion, while noticeable seasonal differences were indicated in other areas. The key 
parameters that characterize sperm whale habitat in both models were distance to 
coast, distance to −1,000 and −5,000 m isobaths, and submarine key features such 
as trough and trench.
Main conclusions: The historical catch data of this species can be used to describe 
the historical species distribution and provide a baseline to assess present distribu-
tion, prioritize current research and monitoring and recommend future data collec-
tion. Our models also predict distributions that are significantly larger than the ones 
occupied by sperm whales nowadays, another example of a shifting baseline. Our 
study demonstrates the benefits of incorporating historical whaling data into habitat 
models for ecological investigation and to inform conservation efforts for cetaceans.
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1  | INTRODUC TION
Comprehensive knowledge on where marine animals occur, and 
which characteristics determine their habitat preferences, is im-
portant in understanding the ecology of the species and guiding ap-
propriate conservation and management efforts (Kanaji, Okazaki, 
Kishiro, & Miyashita, 2015; Redfern et al., 2006). However, animal 
occurrence data are deficient for many marine species (Redfern 
et al., 2017) in many regions (Moura, Sillero, & Rodrigues, 2012). 
For instance, records of cetacean occurrence in Indonesian wa-
ters are lacking. This can be attributed to the high logistical costs 
of conducting expansive surveys (Johnson et al., 2016; Redfern 
et al., 2006; Thorne et al., 2012). Historical data are therefore an 
interesting alternative to consider (Johnson et al., 2016; Reeves, 
Smith, Josephson, Clapham, & Woolmer, 2004; Torres et al., 2013). 
It could even serve to demonstrate shifting baselines in species 
densities caused by historical factors such as intensive exploita-
tion (Jackson, 2001).
Sperm whales (Physeter macrocephalus) were hunted extensively 
across all oceans for two centuries during the Yankee whaling era 
(Whitehead, 2002), when females were the focus on tropical grounds 
(Best, 1979; Whitehead, 2003). Males were preferred by modern 
whalers for their larger body size (Johnson et al., 2016). This differ-
ence in targeting led to a sex ratio imbalance that may have limited 
population recovery ever since (Carroll, Hedley, Bannister, Ensor, & 
Harcourt, 2014; Whitehead, 2002). Sperm whale recovery was also 
hindered by whaling throughout the last century, some of it illegal 
and poorly documented (Smith, Reeves, Josephson, & Lund, 2012). 
This species is now listed as ‘vulnerable’ under the IUCN Red List of 
Endangered Species (Taylor et al., 2008).
The long history of the exploitation of sperm whales provides 
rough information on their past distribution. In 1935, Charles Haskins 
Townsend published four global charts from the information recorded 
in American whaling logbooks and journals between 1761 and 1920. 
The charts show where and in what month American sail whalers 
captured a total of 36,909 sperm whales globally. Of the five species 
for which Townsend published charts, only the sperm whale was re-
ported to be captured in large numbers in equatorial Indonesian wa-
ters (Figure 1), with a ratio of 79:1 compared to humpback whales. The 
extensive global analysis published by Townsend (1935) reveals three 
priority whaling grounds in the Indonesian archipelago: the Molucca 
Passage, the Celebes Sea and the Sulu Sea Grounds (Figure 1).
Townsend's hand plotting of catch points, however, creates diffi-
culties for interpretation (Smith, Reeves, et al., 2012), and efforts are 
needed to relate the fragmented catch points to environmental factors 
in order to assess the continuous surface distribution of the species. In 
Indonesian waters, Townsend mentions three whaling grounds across 
the archipelago, with all sperm whales caught outside them referred 
to as stragglers. The West Banda Sea is not mentioned, even though 
abundant sperm whale captures were reported there (Figure 1). 
Townsend did report a seasonal oscillation of sperm whales between 
the northern and southern latitude. For a better interpretation of 
the historical data and to assess the full former distribution of sperm 
whales, habitat modelling can be applied. This approach could also help 
to indicate seasonal migration between habitats in the past by analys-
ing whale presence across the different seasons.
Species distribution models (SDMs) can provide quantitative pre-
dictions of the geographic distribution of species based on environ-
mental variables. These results can then be used for conservation, 
policy and spatial planning. SDMs have been constructed based on 
historical whaling data before, and this has helped scientists to iden-
tify the core habitats of certain species, which is valuable for under-
standing species ecology and for conservation management (Elith 
et al., 2011; Gregr, 2011; Pearce & Boyce, 2006; Torres et al., 2013) 
and provided improvements in the usability of the available data 
(Kanaji et al., 2015). Identifying important habitats can help mini-
mize adverse human and cetacean interactions (Breen, Brown, Reid, 
& Rogan, 2016) by implementing spatially explicit conservation mea-
sures. However, this attempt has never been done for Indonesian 
waters, even though it would provide important information about 
suitable sperm whale habitats.
The objective of this study was to identify important habitat areas 
for sperm whales within the Indonesian archipelago during the histor-
ical whaling era and to understand their past distribution patterns and 
seasonal differences. The relevance of the information gained from 
this study for current sperm whale management is also discussed.
2  | MATERIAL S AND METHODS
2.1 | Study area
The study area covers Indonesian waters from 92° to 143°E and 
from 9°N to 14°S (Figure 2). The area spans c. 14.4 million km2 and 
contains a diversity of habitat types, from shallow-sloping to deep-
steep submerged waters (Figure A2a,b in Appendix S1).
2.2 | Historical whaling data
The presence data of sperm whales (n = 793) were obtained from his-
torical whaling (Townsend, 1935, Figure A2j in Appendix S1). This in-
formation was available from sperm whalers’ log books from the 18th 
to the early 20th century. Their voyages typically lasted 2–4 years, 
encompassing tropical and temperate seas throughout all seasons, 
only docking at port for supplies or repairs (Townsend, 1935). Age 
K E Y W O R D S
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(juvenile, adult) and sex (male, female) segregation were not availa-
ble from the dataset. However, as Yankee whaling focused on female 
social groups on tropical grounds (Best, 1979; Whitehead, 2003), 
the sperm whales were assumed to be mainly adult females. We 
combined the whaling data into one all year dataset, ignoring sea-
sons (hereafter, ‘all year’) and four independent groups based on 
the monsoonal seasons, i.e. Transition 1 (T1 season, March–May, 
n = 188), SE monsoon (June–August, n = 146), Transition 2 (T2 sea-
son, September–November, n = 207) and SW monsoon (December–
February, n = 252).
The absence data were available from daily locations of ves-
sels extracted from logbooks for voyages between 1780 and 1920 
(Smith, Reeves, et al., 2012). However, the amount of absence data 
was very limited and unevenly distributed over the study area 
(mostly in the southern part). As our preliminary work showed that 
this results in biased distribution models and poor model predictions 
(data not shown), we randomly generated 10,000 pseudo-absence 
data for the models as an alternative approach. It has been reported 
before that the ranks of habitat model calculated using presence 
and absence data were similar to that calculated using presence and 
pseudo-absence data (Redfern et al., 2017).
2.3 | Environmental variables
Twelve submerged topographic variables were selected based on the 
expected ecological relevance to sperm whale habitats (Azzellino 
et al., 2012; Fiedler et al., 2018; Johnson et al., 2016; Redfern 
et al., 2017; Schlacher, Rowden, Dower, & Consalvey, 2010) in the 
study area. Due to unavailability of data during the historical whal-
ing period, and the uncertainty of their stability over time, dynamic 
oceanographic variables (e.g. chlorophyll-a concentration, sea sur-
face temperature and sea surface salinity) were not included in this 
work. We checked the collinearity among variables and used only 
nine (Table 1) with Pearson's correlation values <0.75 (Figure A1 in 
Appendix S1) in modelling. These variables are bathymetry, slope as 
well as distance to- coast, −1,000 and −5,000 m isobaths, seamount, 
shelf, trench and trough (Figure A2 in Appendix S1).
F I G U R E  1   Townsend’s (1935) 
sperm whale charts within Indonesian 
archipelago during Yankee whaling 
period 1761–1920: (a) April–September 
and (b) October–March. Reproduced 
with permission from the New Bedford 
Whaling Museum. The colours used to 
indicate the locations of sperm whale 
catches indicate the catch months. The 
whaling ground names are shown in 
purple boxes
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Bathymetry data were obtained from the General Bathymetric 
Chart of the Ocean (GEBCO, https://www.gebco.net/), provid-
ing a 1-km grid of bathymetric surface for the study area. Slope 
was derived from the GEBCO using Spatial Analyst extension in 
ArcGIS 10.6.1 (Environmental Systems Research Institute, Inc.). 
Coastal lines were obtained from the Indonesian Geospatial 
Information Agency, while undersea topographic features were 
obtained from the Seafloor Geomorphic Features Map (Harris, 
Macmillan-Lawler, Rupp, & Baker, 2014). Distance to- coast, the 
two isobaths and topographic features were generated using 
the Euclidean Distance Tool-Spatial Analyst extension in ArcGIS 
10.6.1. All variables were in ASCII raster format. The selection 
of spatial resolutions for environmental variables was primarily 
based on data availability. As bathymetry and slope were already 
in a 1 × 1 km2 grid, the other variables were aggregated to match 
the same grid size and cover the same area. In total, there are 
13,659,947 grids within the study area.
2.4 | Species distribution modelling
We used two SDMs in this study: the maximum entropy model 
(Maxent) and the generalized additive model (GAM). The use of 
different models makes it possible to compare and evaluate their 
abilities and outputs, and thereby determine which models (and vari-
ables) describe the species distribution and habitat preferences with 
the greatest confidence.
Maxent is a presence-only model previously applied for ce-
tacean distribution studies (Edrén, Wisz, Teilmann, Dietz, & 
Söderkvist, 2010; Smith, Grantham, et al., 2012; Thorne et al., 2012). 
Maxent is advantageous for this study because it accounts for spa-
tial bias in presence data and can identify areas that fall beyond the 
range of occupied environmental condition (Phillips, Anderson, & 
Schapire, 2006). Maxent predicts a focal species’ most uniform dis-
tribution across the study area (the distribution with maximum en-
tropy), in relation to the environmental conditions at the locations of 
the presence data. The model is then extrapolated to other unsam-
pled areas within the study area to give the habitat suitability of the 
species based on environmental characteristics of the sites (Phillips 
& Dudík, 2008; Phillips et al., 2006). We used the Maximum Entropy 
Species Distribution Modelling software v. 3.4.1 (https://biodi versi 
tyinf ormat ics.amnh.org/open_sourc e/maxent).
The use of GAM is common in SDM because it allows the data 
to identify nonlinearity in species–habitat relationships rather than 
imposing parametric fits through polynomial terms in a linear regres-
sion (Chambers & Hastie, 2017; Hastie & Tibshirani, 1990). GAM 
is a presence–absence model that has been applied for cetacean 
studies (Fiedler et al., 2018; Virgili, Racine, Authier, Monestiez, & 
Ridoux, 2017). The GAM model attempts to differentiate the en-
vironmental conditions where the species is observed (presence 
points) and where it is absent (i.e. in pseudo-absence points). The 
preferred niche of the species was then projected onto the geo-
graphic space with its characteristics to depict its potential distri-
bution. We used R package ‘biomod2’ v. 3.3-7.1 (https://cran.r-proje 
ct.org/web/packa ges/biomo d2/index.html).
To be able to make a comparison, the same settings were ap-
plied within both models: 30% random test percentage, 10 replicates 
with bootstrap replicated run type, regularization multiplier 1 and 
maximum number of randomly selected background points 10,000 
(the last two parameters were set as defaults, see Elith et al., 2011; 
Phillips et al., 2006). Both SDMs were built for each of the ‘all year’ 
and four monsoonal seasons (T1 season, SE monsoon, T2 season and 
SW monsoon). Maxent generates logistical spatial predictions of dis-
tribution with values between 0 (not suitable) and 1 (highly suitable), 
F I G U R E  2   Study area in the Indonesian archipelago. Names of seas and whaling grounds are used in the text
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while that of GAM using Biomod2 ranges from 0 (not suitable) to 
1,000 (highly suitable); therefore, the output values were standard-
ized to be comparable. The correlation between the suitability val-
ues predicted by Maxent and GAM per cell values was calculated as 
a Pearson's correlation coefficient.
To distinguish suitable and unsuitable habitats, we applied the 
‘10th percentile training presence threshold’ to the predicted dis-
tribution maps (raster format) in ArcGIS 10.6.1. This threshold was 
chosen because it is the best threshold when true absence data are 
not available (Brito, Acosta, Álvares, & Cuzin, 2009), and it selects 
values above which 90% of the training presence are correctly clas-
sified, thus giving conservative estimates of prediction (Padalia, 
Srivastava, & Kushwaha, 2014). The mean threshold of 10 replicates 
of each seasonal model was used as a binary threshold for pres-
ence/absence of sperm whales, above which a suitable habitat is 
considered to occur. To reveal seasonal similarities and differences 
in habitat suitability, a seasonal overlap map was generated with the 
best performing SDM (either Maxent or GAM, see below). The map 
was created by combining (stacking) the individual binary seasonal 
maps.
2.5 | Model performance assessment
Species distribution models are commonly assessed by the Area 
Under the receiver-operating-characteristics (ROC) Curve, or AUC 
(Phillips et al., 2006). An AUC curve is a graphical plot which illus-
trates the probability that a random presence data point will be 
ranked above a random absence (or pseudo-absence) one (Hanley 
& McNeil, 1982). The ROC curve shows ‘sensitivity’ over ‘1 minus 
specificity’ at a range of threshold probability values, where the 
sensitivity is the proportion of observed presences correctly pre-
dicted by the model and the specificity is the proportion of observed 
absences (or pseudo-absences) correctly predicted by the model 
(Raes & ter Steege, 2007). An AUC value above 0.5 indicates that 
the model performs better than random (Elith et al., 2006; Phillips 
TA B L E  1   Environmental variables used for species distribution modelling
Variables Unit Sources Rationale
Bathymetry m General Bathymetric Chart of the Ocean 
(GEBCO; https://www.gebco.net/)
Shallow water is associated with high primary 
production. Top predators respond to bathymetric 
features; shallow topography may provide 
favourable foraging opportunities (Yen, Sydeman, & 
Hyrenbach, 2004)
Slope % GEBCO (https://www.gebco.net/) and ArcGIS 
derived
Associated with currents, steep benthic relief 
promotes water movements. High slope induces prey 
aggregation and/or increases primary production 
(Yen et al., 2004)
Distance to isobaths
−200 ma  km GEBCO (https://www.gebco.net/) and ArcGIS 
derived
These distinct depths are associated with the deep 
diving habits of species (Johnson et al., 2016; 
Lambert, Mannocci, Lehodey, & Ridoux, 2014)−1,000 m (d_1000) km GEBCO (https://www.gebco.net/) and ArcGIS 
derived
−2,500 ma  km GEBCO (https://www.gebco.net/) and ArcGIS 
derived
−5,000 m (d_5000) km GEBCO (https://www.gebco.net/) and ArcGIS 
derived
Distance to
Coast (d_coast) km Indonesian Geospatial Information Agency and 
ArcGIS derived
Distance provides an indication of preference for near 
or offshore habitats (Dalla Rosa, Ford, & Trites, 2012)
Ridgesa  km Seafloor Geomorphic Features Map (Harris 
et al., 2014) and ArcGIS derived
Submerged geomorphic features increase the 
complexity of seafloor that is associated with 
currents. High topographic complexity can locally 
increase productivity, induce prey aggregation and 
provide migration cues (Bouchet et al., 2015)
Seamount (d_seamount) km Seafloor Geomorphic Features Map (Harris 
et al., 2014) and ArcGIS derived
Shelf (d_shelf) km Seafloor Geomorphic Features Map (Harris 
et al., 2014) and ArcGIS derived
Trench (d_trench) km Seafloor Geomorphic Features Map (Harris 
et al., 2014) and ArcGIS derived
Trough (d_trough) km Seafloor Geomorphic Features Map (Harris 
et al., 2014) and ArcGIS derived
aVariables that were eliminated due to multicollinearity. The variable names in parentheses in the first column are as named in our models and in 
Table 3. 
6  |     SAHRI et Al.
& Dudík, 2008). A potentially useful model will have an AUC above 
0.75 (Elith, Burgman, & Regan, 2002).
We also applied two additional model evaluation metrics called 
True Skill Statistic or TSS (Allouche, Tsoar, & Kadmon, 2006) and 
Sensitivity. A TSS above 0.4 reflects a potentially useful model and 
above 0.6 is considered to denote good to excellent performance 
(Landis & Koch, 1977; Tobeña, Prieto, Machete, & Silva, 2016). A 
model with a sensitivity value above 0.7 is considered a good model 
(Ochoa-Ochoa, Flores-Villela, & Bezaury-Creel, 2016). We used 
several evaluation metrics of model performance because none 
are perfect when true absence data are not available. Significant 
differences for AUC, TSS and Sensitivity values between Maxent 
and GAM in ‘all year’ and each seasonal model were tested using 
a t-test.
The Jackknife test was used to determine the contribution of 
each environmental variable to the predicted output, by running 
the model with and without that variable. The percentage con-
tribution to model gain and the permutation importance of each 
environmental variable used to build the model could then be as-
sessed (Phillips et al., 2006). The environmental variables with the 
highest training gain are considered to have the highest contribu-
tion to the model.
3  | RESULTS
3.1 | Historical distribution of sperm whale
The overall predictions per season are visually similar for both mod-
els (Figure 3), and align closely with the whaling data. The patchiness 
of sperm whale distribution is evident in GAM, while the distribu-
tions modelled with Maxent were more continuous. Some obvious 
examples of the patchiness in GAM and the continuity in Maxent can 
be seen in the northern part of Papua island, and the south-western 
part of the Sumatera (Figure 3).
The similarity of the spatial distributions between both models 
is also apparent from the high Pearson's correlation coefficients 
(Fiedler et al., 2018) between predicted grid values for sperm whale 
habitat suitability. The Pearson's correlations were high in all models, 
ranging from 0.705 to 0.851 (Figure 3).
F I G U R E  3   Historical sperm whale 
distributions as predicted by Maxent and 
generalized additive model (GAM) for all 
year and per season: T1 = Transition 1 
(March–May), SE = Southeast monsoon 
(June–August), T2 = Transition 2 
(September–November), SW = Southwest 
monsoon (December–February). The 
prediction values range between 0 and 
1 and are classified into five classes as 
shown in the bottom right corner, and 
the actual whale catch data are indicated 
by black squares (■). The Pearson's 
correlations between Maxent and GAM 
prediction values are given. Green lines 
indicate 10th percentile training presence 
threshold
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3.2 | Performance of the models
The performance metrics, AUC, TSS and Sensitivity for Maxent and 
GAM are given in Table 2. Most model outputs predicted by both 
Maxent and GAM yielded good discrimination power, with AUC and 
Sensitivity values >0.75 and TSS values >0.4 indicating model ro-
bustness (Table 2). Maxent performed better than GAM, indicated by 
significantly higher AUC values for all modelled seasons. Sensitivity 
values of three Maxent outputs also were significantly higher than 
those of GAM. However, based on TSS values, four of five model 
outputs did not significantly differ between Maxent and GAM. GAM 
never performed significantly better than Maxent (Table 2).
As can be seen in Figure 3, the Maxent and GAM distributions fit 
the sperm whale catch data well. Both models predicted a high suit-
ability of sperm whale habitat in several areas where catches were 
not reported. Some prominent examples were in the East Banda Sea 
during the SE monsoon, and in the West Banda Sea during the SW 
monsoon (Figure 3).
3.3 | Seasonal differences in distribution
The season-specific habitat suitability maps were generated with 
Maxent only because Maxent performed better than GAM (see 
Section 3.2). By regrouping the whale occurrences per quarter based 
on Indonesian monsoonal seasons, different seasonal positions of 
suitable habitat were revealed (Figure 4).
A wide distribution of sperm whales was predicted in the South 
China Sea during the T2 season, which indicates possible seasonal 
migrations from surrounding Southeast Asian waters (Figure 4). 
Limited or no sperm whale distribution was predicted in the Celebes 
Sea Ground during the SW monsoon, in the Indian Ocean south of 
Java island during the T1 season, in the Andaman Sea during the SE 
monsoon and in the Torres Strait during the T2 season (Figure 4). A 
narrow distribution was also predicted to the north of Papua during 
the SE monsoon.
The seasonal overlap map (Figure 4f) unveils some of the sea-
sonal variability in sperm whale presence. In the four marked areas, 
no seasonal differences occur in sperm whale distribution, i.e. in the 
West Banda Sea, the Molucca Passage Ground, the North Papua and 
the Sulu Sea Ground, while noticeable seasonal differences in distri-
bution were observed in other areas.
3.4 | The importance of environmental variables for 
sperm whale distribution
Five of nine variables appeared to be important in defining environ-
mental niches for the species. Only distance to coast was retained as 
the most important variable in all model outputs. The next variable 
most commonly retained was distance to trough (retained in 5 model 
outputs), followed by distance to- −1,000 and −5,000 m isobaths and 
trench (each in 4 model outputs). The remaining variables, except 
bathymetry and distance to seamount, were retained in only 1 or 2 
model outputs (Table 3). In general, distance to- coast, −1,000 and 
−5,000 m isobaths, trough and trench were the most important vari-
ables that determined sperm whale habitat suitability (Table 3).
Three categories of variables determine sperm whale occurrence 
in habitat modelling (Figure 5). First, variables that do significantly 
determine different whale distribution across seasons and available 
habitat. These variables were distance to- −5,000 m isobath, coast, 
trench and trough (Figure 5f–i). Whales occurred mainly in areas 
with a distance of 118–151 km from the −5,000 m isobath in most 
seasons, but farther during the T2 season (median 176 km, the far-
thest is c. 700 km); closer to the coast (200 km) during the T1 sea-
son compared to available habitat (up to 375 km); closer to a trench 
during the SW monsoon and closer to a trough during the SE mon-
soon and the T2 seasons.
Second, variables that show the same between all four sea-
sons: distance to −1,000 m isobath, distance to seamount and slope 
(Figure 5c–e). Sperm whales mostly occurred close to the −1,000 m 
isobath (44–54 km), close to seamount (115–155 km compared with 
180 km of available habitat) and were prevalent in areas with steeper 
slope (2.5%–3.2% compared to only 1.7% of available habitat).
Third, variables that do not determine sperm whale distribution 
in any season: bathymetry and distance to shelf (Figure 5a,b). Sperm 
whales occurred in areas with bathymetry values ranging from 
−2,151 to −3,047 m (the median in the available habitat is −2,422 m), 
TA B L E  2   Performance metrics for Maxent and GAM
Season Metric Maxent Siga  GAM
All AUC 0.806 ± 0.009 > 0.793 ± 0.011
TSS 0.461 ± 0.023 ns 0.475 ± 0.020
Sensitivity 0.888 ± 0.028 > 0.820 ± 0.041
T1 AUC 0.884 ± 0.010 > 0.815 ± 0.020
TSS 0.575 ± 0.042 > 0.521 ± 0.041
Sensitivity 0.825 ± 0.054 > 0.769 ± 0.071
SE AUC 0.899 ± 0.014 > 0.810 ± 0.023
TSS 0.511 ± 0.046 ns 0.514 ± 0.042
Sensitivity 0.860 ± 0.045 > 0.802 ± 0.064
T2 AUC 0.874 ± 0.008 > 0.804 ± 0.013
TSS 0.451 ± 0.036 ns 0.455 ± 0.029
Sensitivity 0.810 ± 0.056 ns 0.798 ± 0.044
SW AUC 0.895 ± 0.007 > 0.842 ± 0.020
TSS 0.609 ± 0.048 ns 0.585 ± 0.035
Sensitivity 0.839 ± 0.051 ns 0.846 ± 0.040
Abbreviations: All, all year; AUC, area under the curve; GAM, 
generalized additive model; SE, Southeast monsoon (June–August); SW, 
Southwest monsoon (December–February); T1, Transition 1 (March–
May); T2, Transition 2 (September–November); TSS, True Skill Statistic.
aSignificant differences in performance metrics (AUC, TSS, Sensitivity) 
between Maxent and GAM results were tested using t-test. ‘>’ indicates 
Maxent performed significantly better than GAM, ‘ns’ indicates no 
significant difference. GAM never performed significantly better than 
Maxent. 
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and were located 48–60 km from shelf (the median in the available 
habitat is 49 km) effectively occupying the full range of available val-
ues for these two variables.
4  | DISCUSSION
This study presents the first historical seasonal distribution model-
ling of sperm whales in Indonesian waters in relation to their habitat 
preferences. First, we evaluated the model outputs and their per-
formance and caveats. Both Maxent and GAM predict a similar area 
of sperm whale distribution; and both distributions agree well with 
the whaling data. This work resulted in three main findings: identify-
ing historical sperm whale seasonal distribution patterns, finding the 
important variables characterizing sperm whale habitat preferences 
and confirming the application of SDM based on historical whaling 
data to support conservation management.
4.1 | Performance and caveats of models
The model evaluation metrics indicate that, overall, Maxent and 
GAM predicted reasonably well the distribution of the sperm whales 
based on environmental characteristics for ‘all year’ and each sea-
son (Figure 3). The majority of the models showed moderate to high 
discrimination power based on AUC, TSS and sensitivity values. The 
standard deviation of the average AUC, TSS and sensitivity values 
was mostly small (<0.05) for each season, either in Maxent or GAM 
(Table 2). This indicates consistent and reliable model outputs, and 
appropriate robustness (Tobeña et al., 2016). For extended analysis 
of the model performance and caveats see Texts A1 in Appendix S1.
4.2 | Historical sperm whale seasonal 
distribution patterns
The modelled sperm whale distributions clearly show that impor-
tant sperm whale habitats were located mainly in the eastern part 
of the equatorial Indonesian waters. Four areas were identified as 
important habitats for sperm whales in any season, while they were 
F I G U R E  4   Historical seasonal habitat suitability maps of sperm 
whale in Indonesia generated with the Maxent model (the first 
five figures). Suitable habitat is indicated in green and is season 
dependent: (a) All = all year (1761–1920), (b) T1 = Transition 1 
(March–May), (c) SE = Southeast monsoon (June–August), (d) 
T2 = Transition 2 (September–November), (e) SW = Southwest 
monsoon (December–February). Red circles indicate the areas that 
differ most among seasons. The last figure (f) shows the degree 
of seasonal overlap of the distributions in increasingly dark blue 
colour, and the numbers 1–4 show the number of season(s) with 
overlapping distribution. Orange circles indicate areas without 
differences in distribution among seasons. (i) West Banda Sea, (ii) 
Molucca Passage Ground, (iii) Northern Papua, (iv) Sulu Sea Ground
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seasonally absent in other locations (Figure 4). Several studies have 
reported historical year-round presence of sperm whales in the low-
latitude areas (Jaquet, Whitehead, & Lewis, 1996; Smith, Reeves, 
et al., 2012) which is corroborated by our results. Townsend (1935) 
reported sperm whale occurrences in the form of ‘points’, while 
this study provides a continuous surface distribution based on the 
SDMs. Because Townsend plotted the data in two-half-year periods 
(Figure 1), it seems sperm whales occurred in the north of Borneo 
island year-round. However, our plotting and modelling based on 
Indonesian monsoonal seasons reveals they mainly occur there dur-
ing the T2 season (inter-monsoonal season, September–November; 
Figures 3d and 4d).
Migrations of the sperm whale are poorly understood compared 
to other large whales such as baleen whales. While male sperm 
whales are reported to move to higher latitudes in summer, females 
(as in our study) remain in equatorial and lower latitudes through-
out the year (Evans, 1997) and their seasonal migration routes are 
unknown (Evans, 1997; Whitehead, 2003, 2009). Availability of dif-
ferent types of prey is suggested to drive these sex-specific move-
ment patterns (Flinn, Trites, Gregr, & Perry, 2002). In the Galapagos, 
a comparable equatorial area, upwelling events mainly driven by 
increasing sea surface temperature increased the feeding success 
of migrating sperm whales (Flinn et al., 2002; Whitehead, 1996). A 
study on historical trends of sperm whale stranding events in the 
North Sea suggested that they mainly occurred around migration 
events and were associated with increased temperature anomalies 
(Pierce, Santos, Smeenk, Saveliev, & Zuur, 2007). For our study area, 
during the T2 season the water temperatures at northern latitudes 
start to drop and the sperm whales were assumed to migrate from 
other parts of Southeast Asia to the north of Borneo. However, no 
sperm whales were found in this region during the SW monsoon co-
inciding with winter in northern latitudes. It therefore seems that 
sperm whales continue dispersing to other locations. Additionally, 
the monsoonal regime with seasonally reversing currents leading 
to water exchange (Drushka, Sprintall, Gille, & Brodjonegoro, 2010) 
potentially drives the seasonal upwelling in these waters which en-
hances local productivity that may attract the whales. This should be 
corroborated by more targeted future research.
The consistent occurrence of sperm whales in certain areas 
during specific seasons (Figure 4) suggests site fidelity of the spe-
cies. This is in accordance with observations reported for other areas 
(Correia, Tepsich, Rosso, Caldeira, & Sousa-Pinto, 2015). Site fidelity 
is characteristic of sperm whales (Antunes et al., 2011) and has been 
supported by genetic studies (Engelhaupt et al., 2009). Our model-
ling showed that the animals were permanently present in four core 
areas, the West Banda Sea, the Molucca Passage Ground, northern 
Papua and the Sulu Sea Ground, while modelled and observed sperm 
whale distribution varied greatly between seasons in other places. 
This habitat segregation over the seasons (Figure 4) includes the high 
density of animals in the north of Borneo Island exclusively during 
the T2 season and the absence of sperm whales in the Andaman Sea 
during the SE monsoon and in the Torres Strait during the T2 season. 
Sperm whales have been known to exhibit seasonal changes in their 
distribution associated with migratory movements (Smith, Reeves, 
et al., 2012). Of course, it is important to realize that historical whal-
ing data not only reflect the presence of the animals but could also 
be influenced by seasonal differences in catch effort (see Whitehead 
& Jaquet, 1996) and differences in the amount of presence data from 
Townsend (1935) by season.
The absence of sperm whales at several locations in the modelled 
distributions (Figure 4, red circles) does not necessarily indicate un-
suitable habitat; it could also be due to the absence of (successful) 
whaling at that location during that season. The same absence could 
occur nowadays through non-occupancy during times of observa-
tion effort (Torres et al., 2013). As the animals may also follow prey 
abundance, additional local physical and biological processes that 
cause prey to aggregate (Benson et al., 2011) may account for part 
of the unexplained deviances of the sperm whale reports from the 
TA B L E  3   Relative importance of variables in Maxent and GAM model outputs
Variables
Maxent GAM
All T1 SE T2 SW All T1 SE T2 SW
Bathymetry 0.081 0.042 0.076 0.093 0.106 0.021 0.098 0.067 0.037 0.017
d_1000 0.063 0.127 0.085 0.051 0.007 0.164 0.105 0.188 0.187 0.124
d_5000 0.075 0.052 0.073 0.087 0.141 0.163 0.138 0.101 0.157 0.124
d_coast 0.390 0.354 0.214 0.202 0.251 0.324 0.268 0.177 0.190 0.252
d_seamount 0.080 0.051 0.099 0.089 0.056 0.065 0.132 0.114 0.026 0.100
d_shelf 0.069 0.112 0.048 0.052 0.121 0.128 0.047 0.117 0.149 0.154
d_trench 0.049 0.100 0.079 0.231 0.159 0.069 0.136 0.098 0.111 0.153
d_trough 0.091 0.119 0.197 0.143 0.103 0.059 0.069 0.120 0.110 0.055
slope 0.103 0.044 0.129 0.052 0.057 0.007 0.007 0.018 0.033 0.020
Note: Bold shaded numbers are the three most important variables that determine sperm whale habitat. The variable names in the first column are 
the names given in Table 1.
Abbreviations: All, all year; GAM, generalized additive model; SE, Southeast monsoon (June–August); SW, Southwest monsoon (December–
February); T1, Transition 1 (March–May); T2, Transition 2 (September–November).
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predicted distribution. Unfortunately, variables that directly quantify 
the productivity (e.g. chlorophyll-a concentrations and sea surface 
temperature) during the historical whaling period were not available. 
Exploring the potential use of current dynamic variables for histori-
cal sperm whale distribution modelling could be the focus of future 
research.
4.3 | Important variables characterizing sperm 
whale habitat preferences
The habitat preferences of sperm whales over the seasons are also 
reflected in the set of important environmental variables for each 
modelled distribution. A key environmental factor in explaining 
sperm whale distribution for both Maxent and GAM in all seasons 
was distance to coast. More productive areas are closer to the coast 
(Fiedler et al., 2018), which the whales seem to take advantage of. 
The fact that commercial whaling activity in Western Australia also 
occurred primarily relatively close to land (Johnson et al., 2016) cor-
roborates our current study results that distance to coast consid-
erably determines their habitat. Prey abundance has indeed been 
reported to be generally higher in coastal waters (Kanaji et al., 2015), 
possibly explaining the more suitable habitat closer to the coast, as 
highlighted for all seasons by both Maxent and GAM.
Distance to trough and trench were the next most important 
variables in predicting sperm whale distribution (Table 3). These 
variables reflect increased topographic complexity that may be 
important in creating physical processes that support enough pro-
ductivity and associated cephalopods to attract sperm whales 
(Bouchet, Meeuwig, Salgado Kent, Letessier, & Jenner, 2015; 
Whitehead, 2009). Prey availability, however, could not be included 
in the current study as data for this from the historical whaling era 
are sparsely available. Although oceanographic and biological vari-
ables such as sea surface temperature and chlorophyll-a concentra-
tion can serve as proxies of prey species density, the availability of 
such data is also very limited for this period. Unravelling the param-
eters that determine the species' ecological niche requires fine-scale 
seasonally dependent habitat use studies, investigating among other 
things prey distribution, associated cetacean foraging behaviour as 
well as predator avoidance strategies. Such ecological information 
can provide a more comprehensive selection of input variables to 
fine-tune the distribution models.
Distance to −1,000 and −5,000 m isobaths were the next most 
important variables, particularly for GAM model outputs (Table 3). 
During the historical and commercial whaling era, most whales 
were killed offshore in very deep waters with a median depth of 
c. −5,000 m (Johnson et al., 2016). The high presence in very deep 
waters shown in our habitat modelling aligns with the deep diving 
habits of the sperm whales to catch their primary food source, ceph-
alopods (Whitehead, 2009). In the study area, −5,000 m isobath 
(Figure A2d in Appendix S1) also coincides with complex topographic 
features like seamounts (Figure A2f in Appendix S1) and steep slope 
seabed (Figure A2b in Appendix S1), although seamounts did not 
significantly influence our models. Distance to the −1,000 m iso-
bath has also been indicated as suitable habitat for foraging sperm 
whales in other regions for other types of prey (Chua, Lane, Ooi, 
Tay, & Kubodera, 2019; Hooker, Whitehead, & Gowans, 1999; 
Kawakami, 1980; Pirotta, Matthiopoulos, MacKenzie, Scott-
Hayward, & Rendell, 2011). In Western Australia, sperm whales 
also occurred at this depth, as commercial whaling locations were 
reported to have a median depth of around −1,000 m (Johnson 
et al., 2016). Another toothed whale, the short-finned pilot whale, 
has also been reported to forage on mesopelagic cephalopods at a 
depth of c. −1,000 m (Aguilar Soto et al., 2008).
Previous studies have indicated that slope is an environmental 
factor influencing sperm whale distribution (Hooker et al., 1999; 
Pirotta et al., 2011), and sperm whales are more prevalent in areas 
with a steeper slope (Mannocci, Monestiez, Spitz, & Ridoux, 2015). 
However, we only found a relationship between slope and the mod-
elled whale distributions for the Maxent outputs in ‘all year’ and 
SE monsoon. Sperm whales often occur close to the shelf edge 
(Whitehead, 2009) due to the presence of upwelling-modified wa-
ters (Redfern et al., 2017).
Both Maxent and GAM failed to identify bathymetry and sea-
mount as important variables in predicting sperm whale distribution, 
therefore the two variables were not retained in the model outputs. 
Other studies, however, did find a relationship between bathyme-
try and presence of whales in general (Hooker et al., 1999; Pirotta 
et al., 2011). This is often the case for the distribution of whale 
species that feed on benthic prey following seafloor structures 
(Anderwald et al., 2012; Praca, Gannier, Das, & Laran, 2009), instead 
of deep-diving pelagic species like sperm whale. Our results are also 
in agreement with Morato et al. (2008) and Tobeña et al. (2016) who 
found that current sperm whale sighting frequencies were not influ-
enced by distance to seamount.
4.4 | How SDM based on historical data can help 
conservation management
Our models provide spatial maps of the former distribution of 
sperm whales and their seasonal difference patterns for a vast 
F I G U R E  5   Boxplots showing the habitat ranges of sperm whale clustered based on the variables used in the habitat modelling: (a) 
bathymetry (m); (b) distance to shelf (km); (c) distance to –1,000 m isobath (km); (d) distance to seamount (km); (e) slope (%); (f) distance 
to –5,000 m isobaths (km); (g) distance to coast (km); (h) distance to trench (km); (i) distance to trough (km). Av = value of a variable in 
available habitat (whole study area). All = All year, T1 = Transition 1 (March–May), SE = Southeast monsoon (June–August), T2 = Transition 
2 (September–November), SW = Southwest monsoon (December–February). Significant differences among seasonal habitat ranges were 
checked using Kruskal–Wallis (**p < 0.01, ***p < 0.001, ns = not significant). Wilcoxon post hoc test was applied for multiple comparisons 
after Kruskal–Wallis testing indicated a significant difference. The same letters indicate the boxplots do not differ significantly
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area of the equatorial Indonesian marine ecosystem. Our predicted 
distributions can help to clarify the history of the exploitation of 
this species by exploring the surviving historical records in the light 
of these results. Understanding the past distribution of a species 
is important in order to recognize the past population structure 
(Knowles, Carstens, & Keat, 2007), the migration paths (Ruegg, 
Hijmans, & Moritz, 2006) and the niches that are valuable to the 
species (Nogués-Bravo, 2009). As the current populations of ma-
rine animals could capture a fraction of their historical occurrences 
(Josephson, Smith, & Reeves, 2008), the historical distribution 
from our study can be used as a guideline to assess present spe-
cies occurrence and eventually direct ecological investigation for 
future management support. For instance, marine protected areas 
and marine spatial planning in Indonesia should take into account 
species seasonal variability. The historical data may also demon-
strate that areas now considered to be abundant in sperm whales 
only represent a fragment of former densities that used to occur 
there, as intensive exploitation in the past may have led to a shift-
ing baseline in species densities (Jackson, 2001). It is not certain, 
however, whether or not contemporary sperm whale populations 
occupy the same habitats and seasonal migration paths as former 
populations. To understand this issue, further habitat modelling of 
modern sperm whale distribution using current data is needed.
The habitat preference assessment performed in this study can 
help determine suitable habitats for sperm whales in Indonesian wa-
ters, where little or no published data on its distribution exist, to in-
form future marine management and policy. The results of this study 
can be used to prioritize current sperm whale research and monitor-
ing efforts in the areas predicted to be core sperm whale habitats: 
West Banda Sea, Molucca Passage Ground and Bird Head Seascape-
northern Papua in all seasons (Figure 4). This is especially important 
as these habitats overlap with some of the busiest shipping routes 
in the world (Tournadre, 2014), and therefore may require mitiga-
tion measures. This will help us to gain a better understanding of the 
interactions between the animals and their environment, and how 
the population may respond to human disturbances and changes in 
their habitat. Our results also show that inter-island areas are very 
important for sperm whales and thus deserve special attention re-
garding the management of human activities that may threaten the 
cetaceans.
This study shows that sperm whales were very likely to be found 
year-round in equatorial Indonesian waters during the whaling era, 
with important habitats in the four aforementioned areas. In addi-
tion, our results show that sperm whale distribution varied substan-
tially between seasons in other places. The use of historical whaling 
data in habitat models appears to be a promising approach to ac-
celerate our knowledge on equatorial marine mammal distribution. 
Although the historical whaling data were not collected in a scien-
tifically systematic way, it still provides important information in a 
cost-effective manner for a region for which knowledge is sparse. 
The habitat models synthesized which environmental factors are the 
primary determinants of habitat suitability for sperm whales from 
the historical whaling data. Incorporating such an unconventional 
dataset into habitat models yields benefits for scientific understand-
ing of sperm whale habitat preferences as well as former sperm 
whale occurrences. This information can support management de-
cisions on conservation measures for endangered large whales such 
as sperm whales.
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